The nuclear localization of the herpes simplex virus transcriptional activator protein ICP4 was studied by indirect immunofluorescence. At early times after viral infection, ICP4 quickly localized to a diffuse intranuclear distribution. ICP4 later concentrated in globular compartments within the nucleus. The redistribution to the compartments was dependent on viral DNA replication. Double staining for ICP4 and ICP8, the early major DNA-binding protein, revealed that both were found in the same intranuclear globular compartments at late times. These were previously named "replication compartments" (M. P. Quinlan, L. B. Chen, and D. M. Knipe, Cell 36:857-868, 1984). Because ICP4 and ICP8 are known to function in transcriptional activation and DNA replication, respectively, both DNA replication and late transcription may occur in these compartments. The association of ICP4 and ICP8 with the replication compartments appeared to be independent in that the retention of ICP8 in the compartments required ongoing viral DNA synthesis, while the association of ICP4 was independent of viral DNA synthesis once the compartments were formed. Because ICP4 shows a different distribution at early and late times, stimulation of transcription by ICP4 may involve different molecular events or contacts during these two periods of the replicative cycle.
Several viral gene products have been shown to function as trans-acting transcriptional activators. These include the adenovirus EIA gene product (5, 25) , the herpes simplex virus (HSV) ICP4 (10, 28, 37, 49) , the pseudorabies immediate early protein (4, 16, 21, 23) , and the simian virus 40 large-T antigen (7, 26) . The mechanism by which they activate transcription remains to be elucidated. In addition, the nature of their interactions with nuclear structures and macromolecules is not defined. To understand the nature of the association of the HSV ICP4 protein with the cell nucleus, we initiated studies on the maturation of this protein.
Viral gene expression during lytic infection of cells by HSV occurs in a coordinately regulated sequence (reviewed in references 43 and 48) . Immediately after infection, a set of viral gene products requiring no prior viral protein synthesis, named alpha or immediate early gene products, is expressed. The beta or delayed early gene products are then expressed. These proteins are largely responsible for viral DNA replication. After DNA replication, the gamma or late gene products are expressed at optimal levels, and they are involved in assembling the progeny virus.
The alpha protein ICP4 is required for beta and gamma gene transcription (20, 37, 49) . ICP4 is synthesized as a polypeptide with an apparent molecular weight of 155,000 to 160,000, and it matures to three forms with apparent molecular weights of 163,000, 165,000, and 170,000 (33) . This change in electrophoretic mobility is apparently due to phosphorylation (50) and possibly poly(ADP ribosyl)ation (39) . ICP4 from crude extracts will bind to DNA-cellulose (2, 18) , but one report indicates that purified ICP4 has lost its ability to bind to DNA-cellulose (18) . ICP4 quickly localizes to the cell nucleus after its synthesis (35) , and a portion of it may associate with the nuclear matrix (6) . ICP4 expressed in stable cell lines (36) or transfected cells (15, 19, 34, 41) is capable of stimulating expression of beta genes introduced into the cells. Some reports have suggested that stimulation * Corresponding author.
of beta gene expression may occur by direct interaction of ICP4 with the beta gene promoter sequences (3, 13) , while others have argued that ICP4 acts indirectly by affecting the level or activity of cellular transcriptional factors (11, 24) . ICP4 is required for early and late viral transcription (10, 49) , and these two functions of ICP4 may be genetically distinct (9) .
We had previously shown that the HSV beta major DNA-binding protein ICP8 showed a series of stages in its association with the cell nucleus (27, 40) . ICP8 initially associated with the nuclear matrix upon entry into the nucleus, and it demonstrated a punctate staining pattern in this form. As viral DNA replication occurred, ICP8 showed a redistribution onto viral DNA, and it showed a globular distribution in this form. Alteration of the status of viral DNA replication caused the protein to move back and forth between these two distributions. The studies reported in this paper were initiated to determine whether the transcriptional activator protein ICP4 showed a similar series of stages in its maturation. Indirect immunofluorescence. Cells were grown and infected on glass cover slips as described previously (29) . Unless stated otherwise, cells were infected at a multiplicity of infection (MOI) of 20. The fixation and staining procedures described previously (40) were used for this work.
MATERIALS AND METHODS
Microscopy was performed with a Zeiss standard microscope equipped for phase-contrast and fluorescence microscopy utilizing a Plan Neofluar 63X objective. For detection of fluorescence from fluorescein isothiocyanate-conjugated NUCLEAR LOCALIZATION OF HSV ICP'   277 antibodies, a filter set (green filter) consisting of an excitation filter for light for wavelength from 450 to 490 nm, a mirror for less than 510 nm, and a final band filter for 515 to 565 nm was used. For detection of fluorescence from rhodamine isothiocyanate-conjugated antibodies, a filter set (red filter) consisting of an excitation filter for 546 nm, a mirror for greater than 580 nm, and a final filter for greater than 590 nm was used. These two filter sets showed almost complete discrimination of the fluorescence from the two fluorochromes (see Fig. 3 ).
The 58S (anti-ICP4) and 39S (anti-ICP8) mouse monoclonal antibodies (46) 
RESULTS
We had previously shown that the HSV early DNAbinding protein, ICP8, showed a series of stages in its maturation into and within the infected cell nucleus (27, 40) . These studies employed both cell fractionation and indirect immunofluorescence to characterize the nuclear interactions of ICP8. To examine the nuclear interactions of ICP4 and how they might result in activation of viral transcription, we attempted to study the nuclear localization of ICP4 by cell fractionation and indirect immunofluorescence. We were able to separate infected Vero cells into the nuclear, cytoplasmic, and detergent wash fractions as described previously (27) , with the complete recovery of ICP4. However, further fractionation of nuclei led to a loss of ICP4 (data not shown) which could not be prevented by several inhibitors of proteolysis in Vero cell extracts (32, 51) . For this reason, our studies presented here utilized immunofluorescence to localize ICP4 in the infected cell.
Localization of ICP4 at various times after infection. To examine the time course of ICP4 localization to the infectedcell nucleus, we examined the intracellular distribution of ICP4 at different times after infection. For these experiments, we employed indirect immunofluorescence using the 58S monoclonal antibody which recognizes ICP4 (46; C. Lee and D. Knipe, unpublished data). At 2 h postinfection (p.i.), ICP4 was distributed throughout the infected cell with some concentration in the nucleus but exclusion from the nucleolus ( Fig. 1C and D) . At 3 h p.i., ICP4 was localized specifically in the cell nucleus and it showed a diffuse pattern of staining with a few foci of intranuclear staining ( Fig. 1E and F). By 4 to 5 h p.i., ICP4 was concentrated in globular structures in the cell nucleus and in a few cytoplasmic granules ( Fig. 1G and H ; ' X X j :
'i '-t *;e :>,. ,< .. in nuclear distribution between early and later times after infection.
Effect of viral DNA replication on ICP4 distribution. The change in ICP4 distribution was reminiscent of the change in distribution of ICP8 that was dependent on viral DNA replication (40 scribed above (Fig. 2A) . However, in cells infected in the presence of PAA, ICP4 remained in the diffuse nuclear pattern observed at early times (Fig. 2C) . A similar diffuse distribution was observed in cells infected at the nonpermissive temperature with DNA-negative temperature-sensitive (ts) mutants (data not shown). Therefore, the movement to the globular distribution required viral DNA replication.
Codistribution of ICP4 and ICP8 in globular compartments. ICP4 and ICP8 both exhibited staining of globular intranuclear structures late in the replication cycle, and the formation of these structures was dependent on viral DNA replication. To determine whether these two proteins were located in the same structures, we performed double-label immunofluorescence to localize ICP4 and ICP8 simultaneously. For these studies we employed the 39S monoclonal antibody specific for ICP8 and a rabbit polyclonal serum specific for ICP4 (32) . At 5 h p.i., the 39S antibody stained globular compartments in the nuclei of infected cells (Fig.  3A) , as described previously (40) . The ICP4 antibody stained the same intranuclear globular structures as the ICP8 antibody and a few cytoplasmic structures not shared by ICP8 (Fig. 3B) . When cells were singly stained for ICP4 or ICP8 and the appropriate second antibody, little fluorescence was observed with the other filter ( Fig. 3D and F) . Therefore, there was little crossover between the two fluorochromes with the filters used. Similarly, there was little staining when the second antibody used was not specific for the first antibody or antiserum (data not shown). Therefore, the intranuclear globular compartments contained both ICP4 and ICP8. Results similar to those shown in Fig. 3 were obtained when ICP4 was stained with the 58S monoclonal antibody and ICP8 was stained with the 3-83 rabbit polyclonal antiserum prepared against purified ICP8 (data not shown).
We also examined cells at early times of infection by double staining for ICP4 and ICP8 in cells infected and maintained in PAA. In these cells we observed a punctate nuclear staining pattern for ICP8 (Fig. 4A) , while in the same nucleus, we observed a diffuse pattern of ICP4 staining (Fig.  4B) . At early times ICP4 and ICP8 showed distinct distributions in the infected-cell nucleus. Therefore, their staining patterns did not always completely overlap.
Nuclear localization of a mutant ICP4 molecule. Nearly all the ts mutant ICP4 molecules fail to localize to the infectedcell nucleus at the nonpermissive temperature, as judged by immunofluorescence (29) . However, we observed that at least one type of mutant ICP4 molecule can localize into the nucleus of Vero cells at the nonpermissive temperature. ICP4 encoded by the mutant 17 tsK cannot stimulate the expression of delayed early gene products (37) , but the protein could localize into the nucleus of Vero cells infected at the nonpermissive temperature at an MOI of 10 to 20 (Fig.  SB) . The nuclear distribution of the mutant protein looked much like the distribution of the wild-type strain 17 ICP4 at early times during infection (Fig. 5A) . Both showed diffuse patterns of staining with a few intranuclear foci of staining. (29) . The ICPO encoded by tsK was capable of nuclear localization (Fig. SD) and showed a nuclear distribution similar to that of the wild-type ICPO (Fig. SC) . Therefore, there appears to be a correlation between the abilities of ICP4 and ICPO to localize to the cell nucleus.
Preston (38) previously reported that the tsK ICP4 protein was defective in its association with the cell nucleus. Although no defect is apparent in Fig. 5 (Fig. 6C ), ICP27 showed a diffuse distribution throughout the entire nucleus (Fig. 6D) (40) . Before inhibition of viral DNA synthesis, both ICP4 and ICP8 were localized in globular compartments in the nucleus (Fig. 7A and B) . When we inhibited protein synthesis, both ICP4 and ICP8 remained in the replication compartments ( Fig. 7C and D (Fig. 7E) . However, in these cells ICP4 was observed mostly in the compartments in the nucleus (Fig. 7F) . Therefore, ICP4 maintained its association with the globular compartments even when most of the ICP8 had redistributed. The retention of the two proteins within the replication compartments appeared to be independent. Both ICP8 and ICP4 remained in compartments when infected cells were incubated in medium containing actinomycin D (Fig. 7G and H times. The nature of the nuclear structures with which ICP4 interacts at early times is not well defined. Bibor-Hardy et al. (6) have reported that some of each of the HSV alpha proteins is attached to the nuclear matrix within 30 min after their synthesis. Furthermore, this association was stable during a chase period. However, the authors did not quantitate the recovery of ICP4 in the different subcellular fractions, and it is difficult to determine whether a significant fraction of ICP4 remains in the nuclear matrix fraction. As described above, our own efforts to fractionate nuclei were hampered by proteolysis of ICP4.
The adenovirus ElA protein and the myc protein also show diffuse nuclear staining patterns and have been reported to fractionate with the nuclear matrix (12, 17) . However, one report indicates that the tight association of the myc protein with the nuclear matrix is dependent on incubation of nuclei at temperatures of 37°C or higher (14) . Thus, the association of at least some proteins with the nuclear matrix may be dependent on the extraction procedure.
At the nonpermissive temperature the tsK ICP4 protein localized into the nucleus but could not stimulate the expression of beta genes. These data are somewhat different from those of Preston (38) 50 ,ug/ml. To two other cultures, cycloheximide was added to 50 p.g/ml, and PAA was added to 400 ,ug/ml. To two other cultures, cycloheximide was added to 50 p.g/ml, and actinomycin D was added to 10 p,g/ml. The cultures were incubated for an additional 2 h. The cells were stained to determine the ICP8 and ICP4 distributions as described in the legend to Fig. 4A 
